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Abstract 
In order to obtain ultrafine grained structure, commercially pure aluminium (Al 1050) plates 
were subjected up to 8 passes of Incremental Equal Channel Angular Pressing (IECAP) following route 
C. Plates in different stages of IECAP were joined using Friction Stir Welding (FSW). All welded 
samples were investigated to determine their mechanical properties and structure evolution in the 
joint zone. The joining process reduced mechanical strength of material in the nugget zone, which 
was explained by the grain growth resulting from temperature rise during FSW. Nevertheless, the 
obtained results are promising in comparison to other methods of joining aluminium.  
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1. Introduction 
Nowadays, materials with ultrafine grained (UFG) structure are becoming more and more 
attractive for many industrial applications. The major advantage of these materials is their enhanced 
mechanical strength at ambient temperature due to increased amount of grain boundaries acting as 
obstacles for moving dislocations [1]. At elevated temperatures, the creep resistance decreases as 
documented for pure aluminium [2,3]. However, creep resistance is strongly influenced by the 
*Manuscript
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character of grain boundaries, i.e. creep ability increases for higher amount of high angle grain 
boundaries. The creep resistance can be even improved for the grain structure containing the 
majority of low-angle grain boundaries. 
The extraordinary mechanical strength of UFG metals stimulated the development of their 
production methods. Today, UFG metals can be efficiently produced by different variants of the 
severe plastic deformation (SPD) method. However, the major restriction in wide industrial 
application of UFG metals is the lack of a reliable welding process, which unlike riveting would give 
material continuity in the joint. There is also a requirement to weld UFG materials without losing 
their properties governed by the nanoscale structure. In this context, traditional welding processes 
based on melting, such as brazing or arc welding, are not applicable because they occur at high 
temperature causing a total change of structure leading to structure discontinuity and considerable 
decrease in mechanical strength along the joining line. In this work, Friction Stir Welding (FSW) [4] 
was chosen as an innovative bonding technology to weld aluminium. FSW takes place in the solid 
state without reaching the melting temperature of the base material [5]. Stable connection is 
obtained by mixing the friction-heated, plasticized and deformed metal along the contact line of 
welded elements. It can be performed by moving a rotating tool (a pin with a shoulder) along a 
joining line. The key factor for obtaining a consistent joint is large plastic deformation at elevated 
temperature. It results in bringing-up atoms to a distance which allows creation of a metallic bond. 
Accompanied by increased density of lattice defects, the final microstructure in different joint areas 
is mainly dependent on dynamic recrystallization and/or recovery [6] what is common for materials 
such as aluminium, which is characterized by high stacking fault energy. 
Compared to other joining techniques, FSW exhibits a number of advantages. The rise in 
temperature cannot be higher than a melting point. On account of that, problems related with 
resolidification, such as porosity, embrittlement and formation of second phase are not present. 
Additionally, distortion and residual stresses, which are seen in FSW joints, are lower than those 
observed for other methods, based on melting of the base material and a filler [5]. Parameters of the 
FSW process are crucial for quality and properties of obtained joints. For example, many papers were 
devoted to shoulder diameter [7,8], which appears to be one of the most influential factors. Other 
parameters such as pin profile [9,10], tool travel and rotation speeds [11,12],  depth of pin's 
penetration were investigated too. Structural features, e.g. initial grain size, were also taken into 
consideration [13,14].  
Joining UFG aluminium and its alloys was also a subject of numerous investigations. Plates with 
refined structure, obtained during accumulated roll bonding (ARB) [14] or constrained groove 
pressing (CGP) [15,16] were joined using FSW. In each case, authors attempted maximizing 
mechanical properties and preventing grain growth in the joint zone. Relying on the improved 
properties in coarse grained materials, materials with refined structure were taken into similar 
investigation. When the initial material is annealed and characterized by coarse grained structure, 
subsequent FSW leads to the creation of new, equiaxial grains with much smaller size than the initial 
one. As a result the improvement in mechanical properties is observed [13]. In the case of materials 
with already refined structure, the FSW process leads to grain growth in the joint zone, which seems 
to be extremely difficult to overcome. As was shown for aluminium 1050 [16], which is the same 
material as in this study, annealed samples subjected to FSW exhibited a very fine grain structure in 
the joint, which was formed by dynamic recrystallization. In the same investigation, materials with 
the initial refined structure revealed an intense reduction of microhardness in the stir zone, which 
was explained by the grain growth. It was caused by thermal instability resulting from high stored 
energy during severe plastic deformation. The samples after ARB were also annealed [13], which 
enabled achieving the best compromise between grain size and hardness. Unfortunately, joining 
immediately after ARB caused a decrease in mechanical properties of the stir zone. The conclusion 
from this work was that regardless of the initial grain size or shape, samples revealed equiaxial grains 
in the stir zone. Nevertheless, for base materials with UFG structure, there was a grain growth 
observed in the joints. 
The aim of the present work was to join technically pure aluminium plates with ultrafine 
grained structure produced by Incremental Equal Channel Angular Pressing (IECAP) using FSW 
process and then determine the relationship between microstructure and mechanical properties in 
the base materials and joints. 
 
2. Material and methods 
The investigated material was technically pure aluminium (99,5 wt%) EN AW-1050A-H24 
supplied by the Konin Aluminium plant in the form of 3 mm thick rolled sheets. The exact chemical 
composition is presented in Table 1.  
 
Table 1. Chemical composition of aluminium 1050 
 Si Fe Cu Mn Mg Zn Al 
Content [%] 0.25 0.40 0.05 0.05 0.05 0.07 balance 
 
The samples with dimensions of 3x62x105 mm were processed using IECAP [17] to obtain UFG 
structure. The main idea of this method is to apply plastic strain in a series of small deformation 
increments [18], which are based on simple shear. Separation of feeding and deformation steps 
reduces friction during feeding, which enables processing of very long or continuous billets. As 
conventional ECAP, this method has the ability to pass the ingot via different routes. With square 
plates, there is a possibility of employing deformation route based on rotation about the normal to 
the plate (Z axis), which in the case of aluminium led to a homogenous UFG structure [19] with a 
large number of high angle boundaries [20]. In this study the applied deformation route was based 
on the rotation of plates about their longitudinal axis by 180˚ between passes (so called route C). The 
plates were investigated in an initial state (0 passes), after 4 and 8 passes of IECAP, which 
corresponds to true strains of 0, 4.6 and 9.2, respectively. To simplify the sample description, they 
were described as sample ‘0’, ‘4’ and ‘8’ , depending on the number of applied passes. 
The plates of the same type (i.e. subjected to the same processing path) were joined together 
using FSW, with the tool shoulder diameter of 17 mm and pin diameter of 5.5 mm. Samples were 
butt welded along Y plane, which means that joints were made along a longer edge of the 
rectangular plate. Rotational and linear speeds (Table 2) were different for materials with different 
number of IECAP passes, which comes from their structural differences.  
 
Table 2. Values of rotational and linear speed used in FSW process 
Sample 
Rotational speed      
n [rpm] 
Linear speed       
Vz [mm/min] 
0 450 224 
4 560 355 
8 560 224 
To reveal the microstructure of the joints, different techniques were implemented. Anodized 
metallographic specimens were observed in a light microscope using a polarized light beam. For 
detailed microstructure investigations, Focused Ion Beam (FIB) and Transmission Electron 
Microscope (TEM) JEOL JEM 1200 with accelerating voltage of 120 kV were used. Samples for FIB and 
TEM observations were cut out in the X plane, which is perpendicular to the welding line and also 
perpendicular to IECAP direction. Thin foils were prepared using a wire saw, ground down to 150 µm 
and electropolished using Struers Tenupol-5 system operating at a voltage of 35 V at a temperature 
of 278K. The solution containing ethanol, perchloric acid, butyl glycol and distilled water was used. 
Microstructure observations were taken together with the Selected Area Electron Diffraction (SAED) 
patterns with an aperture of effective diameter about 4 µm. Grain size was determined by calculating 
the equivalent diameter (d2), which means the diameter of a circle with equal area as the 
investigated grain [21].  
In order to characterize mechanical properties, tensile tests and microhardness measurements 
were carried out. In the case of tensile test, flat mini samples with a thickness of 0.6 mm (Fig. 1) were 
used. Tensile samples were perpendicular to the direction of the welding line marked also as the 
joining direction. Digital Image Correlation (DIC) has been used for accurate strain determination. Stir 
zone and base material were investigated separately in order to reveal differences between these 
two areas. For each zone 5 specimens were investigated. Microhardness measurements were carried 
out in the X plane of samples under a load of 200 g for 15 s.  For each sample, 120 measurements 
were done in 3 parallel lines with 1 mm spacing along width and 0.5 mm along thickness of the butt 
welded rectangular plate.   
 
Fig. 1. Schematic illustration of tensile specimens together with their locations in butt welded plate 
(JD – joining direction along length of the plate) 
 
3. Results 
3.1. Microstructure 
Microstructures of base materials together with histograms of grain size distribution are 
presented in Fig. 2. Sample ‘0’ (in initial state) features a typical cold rolled structure with elongated 
grains of several microns in length. The average grain/subgrain size was about 2 µm. IECAP brought 
about significant microstructure refinement. After 4 passes, the grain size was reduced to about 655 
nm. Further processing (up to 8 passes) only slightly affected the grain size which average value 
decreased to 630 nm. Histograms look comparable which is an evidence for similar structure of these 
two materials. The quantitative data regarding the microstructures is summarized in Table 3. Apart 
from equivalent diameter (d2) and standard deviation (S.D.), grain elongation factor (dmax/d2) and 
grain boundary development factor (p/d2∙), where p is perimeter) were determined. The sample ‘0’ 
exhibits the highest value of grain elongation factor which is a clear evidence for elongated grains. 
With increasing number of IECAP passes, the grains become more equiaxial, which is reflected in 
lower value of this factor. Grain boundary development factor is slightly higher for the sample ‘0’ 
when compared to the samples ‘4’ and ‘8’, which is due to higher elongation of the grains. 
 
Table 3. Quantitative parameters describing the microstructure in base materials (BM) and the 
nuggets (N): d2 – average grain diameter, S.D. – standard deviation, dmax/d2 – grain elongation factor, 
p/d2∙ – grain boundary development factor (p – grain perimeter) 
 d2 [µm] S.D. [µm] dmax/d2 p/d2∙ 
0 BM 1.91 1.10 1.89 14.20 
4 BM 0.655 0.23 1.63 12.92 
8 BM 0.630 0.28 1.45 13.07 
0 N 4.30 1.49 1.34 11.67 
4 N 4.35 1.93 1.36 12.07 
8 N 4.56 2.17 1.36 11.95 
 
 
   
 Fig. 2. Representative microstructures of base materials: (a) initial state, (b) after 4 and (c) after 8 
passes of IECAP (X plane perpendicular to welding line) together with histograms of grain sizes (d2) 
 
The images of weld zones for welds are shown in Fig. 3. In each case the picture was taken 
from both the advancing side (AS) and retreating side (RS) of the weld. These two zones differ in the 
relative directions of deformation induced by tool rotation and tool advancement. They are parallel 
but in advancing side they proceed in the same direction while in retreating side in opposite 
directions. As a consequence, the deformation degree is higher on advancing side. On the images, 
one can distinguish heat affected zone (HAZ), termomechanically affected zone (TMAZ), which is a 
transition zone, and nugget zone (NZ), which is characterized by complete recrystallization. The 
region outside the weld zone, which is unaffected by heat or deformation is the parent material, 
called here base material (BM). TMAZ is the most distinct in ‘0’ joint. Also the width of this zone in 
this joint is the biggest. In ‘8’ joint, TMAZ is very gentle. The transition between HAZ and stir zone is 
very smooth. On the other hand, in ‘8’ joint the difference in grain colors is the biggest. It indicates 
the highest differences in grain orientation. BM in initial state reveals very strong morphological 
texture due to rolling process. As can be seen in Fig. 3, the greater degree of deformation, the 
structure in base material becomes more equiaxial. 
 
  
 
a)   AS                                                                                                                     RS 
  
 
 
Fig. 3. Weld zones for samples: (a) ‘0’, (b) ‘4’ and (c) ‘8’ 
 
Fig. 4 shows the microstructures of the nuggets for ‘0’, ‘4’ and ‘8’ samples together with the 
histograms of grain size distribution. Generally, the joint zone exhibits greater grain size than the 
base material in each case. For all samples, the structure in the nugget is very similar and consists of 
equiaxial grains with the similar average size of about 4 µm (Table 3), regardless of base material 
structure, which is consistent with the results reported in [14]. The histograms reveal that the most 
homogenous grain size distribution in the nugget was obtained for ‘0’ sample (0n). Nuggets of ‘4’ and 
‘8’ samples exhibit a greater scatter of grain size, which is reflected in more flat histograms. The grain 
elongation factor (dmax/d2) for nuggets is at the same level. Its value (≈1.36) is typical for equiaxial 
grains (see data in Table 3). Grain boundary development factor also shows comparable values.  
 
 
c)  AS                                                                                                                     RS 
b)           AS                                                                                                                     RS 
  
Fig. 4. Representative microstructures of nuggets in: (a) ‘0’, (b) ‘4’ and (c) ‘8’ samples together with 
grain size (d2) histograms 
 
3.2. Microhardness 
Microhardness distribution across the joints on the transverse cross-section (plane X) is 
presented in Fig. 5. Average values of microhardness for the base materials are 45, 54 and 58 Hv0.2 
for the initial state and after 4 and 8 passes, respectively. This is an evidence of the improvement in 
mechanical strength caused by IECAP, which can be attributed to grain boundary strengthening 
effect described quantitatively by the Hall-Petch type equation predicting linear dependence 
between the strength or hardness and inverse square root of the grain size [22,23].    
All the hardness curves are almost symmetrical about the center of the welds. The welding 
process softens the materials significantly. The hardness values in the weld zone of all the joints 
dropped to about 32 Hv0.2. Such a behavior is opposite to coarse grained materials, for which the 
average hardness of the nugget zone is higher than that of the TMAZ and HAZ, as presented in [24]. 
The minimum was reached at the TMAZ/HAZ boundary. In this study differences in microhardness 
between nugget zone and TMAZ are barely visible. Therefore, the main emphasis will be put on the 
relationship between nuggets and HAZ. 
For nugget zones, the plateau in microhardness can be observed. However, some 
microhardness variation can be seen. Nevertheless, all profiles are comparable – the width of nugget 
zone is similar. From the profiles presented in Fig. 5, the width of HAZ on advancing and retreating 
sides was determined, as illustrated in Table 4. The width of HAZ was expressed as a percentage of 
nugget size (which was assumed as a size of shoulder diameter). HAZ was defined as a zone of 
reduced microhardness compared to base material, but situated beyond the nugget zone. From 
these results, one can observe some general trends. The width of retreating side is greater than the 
advancing side width in all specimens. Furthermore, with increasing plastic deformation of the base 
material, HAZ also increases, regardless of the weld side.  
 
 
 
Fig. 5. Microhardness profiles for (a) ‘0’ joint, (b) ‘4’ joint, (c) ‘8’ joint 
         AS                                            RS 
        HAZ                 NZ                   HAZ 
 
 
 
 
          
              TMAZ                     TMAZ 
 
    AS                                                     RS 
   HAZ                      NZ                       HAZ 
 
 
 
 
          
              TMAZ                     TMAZ 
 
   AS                                                       RS 
  HAZ                       NZ                         HAZ 
 
 
 
 
          
              TMAZ                     TMAZ 
 
a) 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
c) 
Table 4. The width of HAZ on AS and RS as a percentage of nugget width 
 ‘0’ ‘4’ ‘8’ 
Advancing side 20% 44% 53% 
Retreating side 32% 56% 62% 
 
 
3.3. Tensile properties 
The representative tensile stress-strain curves for micro-specimens cut out from base 
materials and the nuggets are presented in Fig. 6. Additionally, a curve for the annealed Al 1050 is 
shown for comparative purposes. In general, the strength of base materials determined as ultimate 
tensile strength (UTS) and yield strength (YS) is significantly higher than that of nuggets. Values of 
UTS, YS, elongation to break (A) and uniform elongation (Ag) are summarized in Table 5, as an 
average value from 5 measurements. It should be noted that the values of YS and UTS for IECAP 
processed samples (base materials) are very similar (no significant work hardening is observed during 
tensile test), which implies that UTS and YS can even overlap when the standard deviation is 
considered. Rapid necking is typical for ultrafine grained materials processed by severe plastic 
deformation [25,26] and further promoted by the small dimensions of tensile samples used in the 
present study. The variation in tensile properties of the samples of the same type may be due to the 
incomplete homogeneity of the tested materials, resulting from the not fully refined structures in 
materials after plastic deformation.  YS for base materials varies from 130 to 176 MPa for sample ‘0’ 
and ‘8’, respectively. It should be noted that such values of YS are typical for pure aluminium in work 
hardened and/or ultrafine grained state. The flow stress quickly achieves a maximum value and then 
decreases gradually, which indicates that necking occurs early and further deformation is 
accompanied by a deepening neck. As a consequence, the elongation to failure is limited and below 
10% for UFG samples. Additionally uniform elongation for these materials is very low and does not 
exceed 1%. The tensile curves for samples cut from nuggets are different. The values of YS and UTS 
are significantly lower – below 100 MPa. However, joint ‘8’ exhibits higher YS than the other joints. In 
addition, the nugget samples have considerable higher values of elongation (26-36%). It should also 
be noted that the nuggets of SPD processed samples exhibit better combination of strength and 
ductility, i.e. higher YS and UTS, as well as higher elongation. The curve for annealed sample, marked 
in red, reveals the lowest values of YS and UTS among all materials. Elongation value is comparable 
to the results achieved for 4N and 8N. Obtained results are entirely consistent with the 
aforementioned Hall-Petch’s equation for the relationship between grain size and yield stress. 
 
 Fig. 6. Stress-strain curves for tensile specimens cut from base material (BM - solid lines) and nugget 
(N- dashed lines) for 0, 4 and 8 IECAP passes; red line – annealed material 
 
Table 5. Values of Ultimate Tensile Strength (UTS), Yield Strength (YS), elongation to break (A) and 
uniform elongation (Ag) of base materials (BM) and nuggets (N) for all micro-specimens 
Specimen UTS (MPa) YS (MPa) A (%) Ag (%) 
0 BM 135  5 130  5 12.7  0.7   1.5  0.1 
4 BM 180  8 172  4    9.7  1.2   0.8  0.2 
8 BM 184  7 176  5    7.5  0.8   0.6  0.1 
0 N   88  5   63  2 26.2  1.5 14.2  1.2 
4 N   94  2   66  4 33.2  3.2 21.4  0.9 
8 N   95  2   79  5 36.5  3.7 22.4  1.1 
annealed   77  2   45  2 34.7  3.0 25.3  1.2  
 
 
4. Discussion 
4.1. Mechanism of grain refinement during IECAP processing 
Microstructure observations gave a clear evidence of grain size refinement during IECAP 
processing. However, to determine its mechanism more detailed investigations are needed. Careful 
inspection using TEM (Fig. 7) revealed more details in the structure development. The sample ‘0’ (Fig. 
7 (a)) exhibits a strong morphological texture and dislocation substructure within the grains. Samples 
after IECAP feature refined grain structure. Inside the grains, one can see free dislocations. The 
sample after 4 passes exhibits the inhomogeneous structure, which contains both – elongated and 
equiaxial grains, as shown in Fig. 7 (b). Further deformation did not cause successive reduction of the 
thickness of elongated grains but resulted in more equiaxial grains (Fig. 7 (c)). It indicates that grain 
refinement in this stage proceeds through subdivision of elongated grains by transverse boundaries. 
Such a microstructure evolution is typical for ECAP based processes. It is well established that for 
small applied strains (usually up to 4 passes), the microstructure consists of elongated deformation 
bands which at a closer look reveal to be transversely divided to create a dislocation cell structure 
[27-30]. The width of the bands decreases with imposed strain until they reach the smallest possible 
size. Further microstructure evolution relies on an increase in misorientation angles of grain and 
subgrain boundaries [31,32] leading to a reasonably equiaxial grain structure with the majority of 
high angle grain boundaries (usually at the level of 70%) [28].  
In the context of microstructure evolution, one should also consider the role of sample 
rotation between consecutive passes. From this point of view, four distinct processing routes have 
been established: route A, in which the sample is not rotated between passes, route BA and BC where 
the sample is rotated by 90
o
 either in alternative directions or in the same direction and route C, in 
which the sample is rotated by 180
o
.  It was reported that the most efficient in terms of creation of 
equiaxial grains is the route BC due to a large angular range of shearing planes [27]. However, the 
highest efficiency in terms of high angle grain boundary formation was documented for the route A 
due to the lack of redundant strain [29]. The route C investigated here is known to be the most 
practical but the least efficient. This is why the microstructure is not fully equiaxial after 8 passes. 
The same number of IECAP with rotation about Z axis (instead of X) led to the formation of fully 
equiaxial microstructure with a very high fraction of high angle grain boundaries of about 80% [20], 
which was attributed to the activation of different slip systems in consecutive passes (thanks to 
sample rotation) and the lack of redundant strain which results in early establishment of equiaxial 
grain structure.  
However, the advantage of the route C in IECAP used here for grain size refinement is that 
both surfaces of the plates are alternatively die and punch sides, which may lead to more 
homogenous microstructure across the plate’s thickness. This phenomenon will be the subject of a 
separate study.  
 
a)  
 
b)  
 
c)  
 
Fig. 7. Representative microstructures of Al 1050 together with SAED patterns: (a) initial state, (b) 4 
passes and (c) 8 passes of IECAP (X plane perpendicular to welding line) 
 
4.2. Factors influencing microstructural changes in weld zones 
Microstructure observations (see section 3.1) gave a clear evidence of microstructural changes 
within weld zones. They are caused by the heat generated by friction of the tool shoulder and 
deformation induced by the tool pin during FSW. TMAZ is characterized by highly deformed and 
elongated grains. As can be seen in Fig. 3, the interface between zones is different on the advancing 
and the retreating side. TMAZ on the advancing side is well defined, which is an evidence of the 
distinct difference in grain sizes between zones. The retreating side is more diffused. This 
observation is in agreement with other works [9,33] and is explained by the differences in plastic 
flow state on both sides of a weld during FSW. On AS, the directions of deformation and tool 
translation are the same, which results in higher shear force and higher plastic strain imposed 
compared to RS, where the plastic strain is smaller [24]. 
The grains in nuggets form as a result of dynamic recrystallization during plastic deformation 
and heating caused by friction between the welding tool and the workpiece [34]. During FSW 
process, the temperature rise is high enough to induce recrystallization. The peak temperature can 
be in the range from 0.6 to even 0.95 Tmelt, and depends on the material, tool arrangement and 
process conditions [35]. Also, the shoulder diameter plays an important role [8]., i.e. an increase in 
shoulder diameter increases the peak weld temperature. The maximum predicted temperature is 
located under the rim of the shoulder. For the shoulder diameter of 40 mm, temperature can rise up 
to 400 ˚C, whereas in the case of 20 mm diameter (our study – 17 mm), the peak temperature 
reached 200˚C, which was consistent with predictions. 
The temperature rise is also influenced by the properties of joined materials. For high strength 
materials, one may expect higher heat input. This is one of the reasons for different behavior of 
coarse grained and deformed materials [13-16]. In former ones, stir zone (SZ) exhibits higher strength 
and hardness whereas for the latter dynamic recrystallization and SZ softening is observed. In our 
case, the base materials are all in the deformed state with relatively small grain size varying from 2 to 
0.6 µm. They all undergo dynamic recrystallization during FSW, which is also promoted by the high 
density of defects (mainly grain boundaries). Although the most pronounced grain growth has been 
observed for sample ‘8’ (as illustrated in Table 3), the final microstructure in the nuggets is very 
similar in all samples. The average grain size is only slightly higher for sample ‘8’ when compared to 
sample ‘0’ (4.56 versus 4.30 µm). It is believed that the differences in the microstructure and the 
properties of based materials are small enough to not influence the final microstructure in the 
nuggets, which is mainly governed by welding parameters. 
During welding, grain coarsening occurs not only in the nugget zone but also in adjacent areas 
due to heat dissipation. The higher the plastic deformation imposed in the IECAP process, the wider 
HAZ around the nugget. This may be attributed to different amount of heat generated for softer and 
stronger materials. Although this difference does not cause changes in the nuggets of investigated 
joints, it is sufficient to affect HAZ. In addition, samples ‘4’ and ‘8’ feature smaller grain size and are 
more prone to grain growth. These two factors bring about different width of HAZ in samples 
subjected to different IECAP processing.  
Microhardness measurements also revealed differences between advancing and retreating 
sides. For each sample, the HAZ is greater by about ten percentage points in retreating side. It means 
that in advancing side the heat input is smaller. It has to be correlated with material flow and heat 
generated during FSW, which leads to a larger area of the deformed grains on retreating side. This is 
in agreement with the microstructural investigation, where transition zone in retreating side was 
more diffused and smoother. Advancing side, on the other hand, was steeper. 
 
4.3. Comparison to other joining techniques 
Generally, FSW welding of aluminium plates after SPD causes a relatively high reduction in 
hardness in the stir zone, which is consistent with results obtained in [13,16]. In this zone, grain 
coarsening is expected to occur due to temperature rise during FSW. Contrary to previous reports 
showing enhanced mechanical strength after FSW [8,13], the stir zone in ‘0’ sample exhibits lower 
values of microhardness than the base material. However, it should be noted that ‘0’ sample in our 
case was cold rolled and thus work hardened (H24 hardening state) whereas in the cited reports the 
joined materials had coarse grained structure after annealing. The possibility of improving 
mechanical properties of the joint zone is a significant advantage of the FSW method. However, in 
the case of material with UFG structure, it is more challenging because of the unstable nature of the 
UFG material and temperature rise during FSW. 
However, it should be noted that although grain growth occurred in the welded zone of UFG 
aluminium, the grain size (about 4 µm) is relatively small and resulting mechanical strength (YS=80 
MPa) relatively high as for technically pure aluminium. It should be noted that annealed Al 1050 
exhibits lower value of the yield strength (45 MPa) than the nugget samples, with similar elongation. 
FSW process decreased enhanced mechanical strength resulting from IECAP processing, but the 
strength in nuggets is still improved compared to commercially available annealed material. 
The mechanical properties of the FSW joints are also higher than compared to other joining 
techniques. For instance, a decrease in YS between an Al-Mg-Sc alloy base material and joint is 20% 
in plates joined by FSW, and 50% between BM and TIG joint [36]. In case of Al 6xxx [37], yield 
strength is slightly smaller for FSW joints than for MIG joints, but FSW specimens present higher 
values of rupture stress and elongation. Also detailed hardness examination revealed lower values in 
the MIG welded specimens. It can be thus concluded that FSW process is one of the most promising 
methods of joining materials with UFG structure. Therefore, it is worth investigating solid bonding by 
FSW using different UFG aluminium alloys.     
 
5. Conclusions 
Technically pure aluminium samples were subjected to severe plastic deformation by 
Incremental ECAP and then joined by FSW. The following conclusions based on the present study can 
be formulated. 
1. The plates subjected to IECAP revealed the refined microstructure with average grain 
size of about 600 nm and improved mechanical strength and microhardness.  
2. The ultrafine grained structure obtained by severe plastic deformation is unstable 
because of temperature rise during FSW. 
3. Microstructure in the nugget zone for all joints consists of equiaxial grains with 
average value of 4.30-4.56 microns. 
4. For all materials significant reduction in the microhardness of stir zone had occurred. 
5. Despite the deterioration of mechanical properties and grain growth in joints 
compared to hardened base material, good quality butt joints were produced using 
FSW for UFG aluminium plates. 
6. FSW is one of the most attractive methods of joining UFG aluminium, especially in 
comparison to other techniques such as TIG or MIG. 
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